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Mutation in AP-3 d in the mocha Mouse
Links Endosomal Transport to Storage Deficiency
in Platelets, Melanosomes, and Synaptic Vesicles
The mechanisms underlying the common storage de-
fects in these functionally distinct organelles are still
poorly understood. LYST-1, a gene of unknown function,
is mutated in the mouse mutant beige and in human
CHS, and both disorders are uniquely characterized by
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The recessive mouse mutant mocha (mh) is a typicalSummary
SPD mutant with coat and eye color dilution, reduced
levels of renal lysosomal enzymes in the urine, and pro-The mouse mutant mocha, a model for theHermansky-
longed bleeding due to storage pool deficiency in thePudlak storage pool deficiency syndrome, is charac-
dense granules of platelets (Lane and Deol, 1974; Swankterized by defective platelets, coat and eye color dilu-
et al., 1991). Like several other, but not all, SPD mousetion, lysosomal abnormalities, inner ear degeneration,
mutants, mocha mice have balance problems due toand neurological deficits. Here, we show that mocha
otolith defects and eventually become deaf (Rolfsen andis a null allele of the d subunit of the adaptor-like
Erway, 1984; Swank et al., 1991). In addition, mochaprotein complex AP-3, which is associated with coated
mice are hyperactive and have a unique hypersynchro-vesicles budding from the trans-Golgi network, and
nized 6±7 Hz electrocortigram (Noebels and Sidman,that AP-3 is missing in mocha tissues. In mocha brain,
1989). Mice mutant for a second allele, mh2J, are lessthe ZnT-3 transporter is reduced, resulting in a lack of
severely affected and have a different cortical excitabil-zinc-associated Timm historeactivity in hippocampal
ity phenotype, with no persistent hypersynchronizationmossy fibers. Our results demonstrate that the AP-3
but episodes of spike-wave and tonic clonic seizurescomplex is responsible for cargo selection to lyso-
(Noebels and Sidman, 1989; M. B., unpublished data).some-related organelles such as melanosomes and
While the organelles affected in mocha mice, as in otherplatelet dense granules as well as to neurotransmitter
SPD mice, have been identified as melanosomes, lyso-
vesicles.
somes, and platelet dense granules, a cellular basis for
the neurological symptoms in this mutant has not yet
Introduction been established.
Using genetic mapping and mutational analysis of
Platelet storage pool deficiency (SPD) accompanied by
candidate genes that map near mocha, we show here
hypopigmentation is found in both mice and humans
that the mocha phenotype is caused by a deletion in
(reviewed by Swank et al., 1998). Over a dozen mouse the gene for the d subunit of the adaptor-like complex
mutations and two human genetic disorders, Herman- AP-3, leading to premature truncation of the d subunit
sky-Pudlak syndrome (HPS) and Chediak-Higashi syn- and complete absence of the entire AP-3 complex. The
drome (CHS), have been characterized. The common AP-3 complex is a heterotetramer related to the two
cellular defect in these syndromes is that certain mem- clathrin-associated adaptor complexes, AP-1 and AP-2
branous organelles are unable to store their contents: (Newman et al., 1995; Pevsner et al., 1996; Dell'Angelica
the melanosomes in melanocytes are smaller and fewer et al., 1997; Simpson et al., 1997). AP-3 consists of two
in number and contain less melanin, resulting in oculo- large subunits, d and b3, and two smaller subunits, s3
cutaneous hypopigmentation; renal lysosomes show re- and m3. So far, only a single isoform of the d subunit
duced urinary secretion of their enzymes (Novak and has been identified, but each of the other subunits has
Swank, 1979); and the dense or storage granules of two distinct isoforms. AP-3 has been localized to vesi-
platelets appearªemptyº and have lower concentrations cles budding from the trans-Golgi network (Simpson et
of platelet markers such as serotonin, and blood clotting al., 1997) as well as to more peripheral membranes that
is delayed (Novak et al., 1984; Reddington et al., 1987). are partially accessible to endocytosed proteins, sug-
gesting that the complex may function in the trafficking
between the trans-Golgi network and an endosomal§To whom correspondence should be addressed.
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compartment. Disrupting any of the four AP-3 homolo-
gous subunit genes in yeast causes missorting of alka-
line phosphatase (ALP), a membrane protein that is nor-
mally resident in the vacuole, the yeast equivalent of
the animal cell lysosome (Cowles et al., 1997; Stepp et
al., 1997). Other vacuolar proteins are sorted normally
in AP-3±deficient yeast, indicating that only certain
types of cargo are sorted via the AP-3 pathway. In flies,
mutants in the garnet gene, which encodes the Drosoph-
ila AP-3 d subunit (Lloyd, 1995; Ooi et al., 1997; Simpson
et al., 1997), have decreased levels of red and brown
pigments in their pigment granules. These studies pre-
dict that in mammalian cells there may also be specific Figure 1. The AP-3 d Gene Is Genetically Nonrecombinant with
mochacargo molecules that require AP-3 for efficient sorting.
(A) The genetic map shows the position of mh relative to markersOur observations on the mocha mouse indicate that
as determined in two large F2s segregating the mh2J allele. Withinin mammals AP-3 mediates the sorting of cargo to lyso-
the nonrecombinant interval, a physical map, based on pulsed fieldsomes, melanosomes, and platelet dense granules.
gel electrophoresis, shows the position of the gene for the d subunitThese results establish AP-3 and any associated pro-
for AP-3 (Ap3d) relative to Amh and other markers.
teins as candidate genes for human Hermansky-Pudlak (B) Southern analysis of an mh2J cross. A Southern blot was prepared
syndrome. In addition, analysis of mocha brain shows from HindIII digested mouse spleen DNA and hybridized with a
probe from the 39 end of the Ap3d gene. DNA from control micedramatically reduced staining for the zinc transporter
(C3H/HeJ and C57BL/6 as well as eight other strains tested), resultsZnT-3, indicating that it is likely sorted by AP-3. As a
in an z11 kb hybridizing fragment, whereas DNA from mh2J miceresult, the zinc-rich presynaptic neurotransmitter vesi-
shows an z8 kb hybridizing fragment. DNA analysis is shown fromcles in thecentral nervous system identified by the histo-
five mice from a (C3H-mh2J 3 C57BL/6J)F2 cross, which had a
chemical Timm stain lack zinc. Our results establish that recombination event close to mh2J. The hybridizing fragment in each
lack of a known vesicular trafficking protein can lead to case cosegregates with the genotype for mh2J in the cross: mice
phenotypically mh2J (genotype mh2J/mh2J) show only the aberrantSPD, identify ZnT-3 as a likely target of AP-3, and link
fragment; mice that, based on test crosses, were heterozygous forthe basic mechanism of granule storage defects in pe-
mh2J show two bands; and mice that were homozygous normalripheral tissues to aberrant signaling within the central
(1/1) show only the C57BL/6J allele. These results indicate nonervous system.
recombination between Ap3d and mh and demonstrate a mutation
in Ap3d in the mh2J allele.
Results
and D10MIT42 was constructed by pulsed field gel elec-
Genetic Mapping of mocha trophoresis (PFGE) (M. B. et al., unpublished data). This
In order to isolate the mocha gene, we used genetic map- map indicated that the genetically defined mocha region
ping to locate the mocha mutation precisely on mouse was more than 2000 kb in size. This physical map was
chromosome 10. mocha maps close to the previously used to fine-map any potential candidate genes to the
located coat color mutation grizzled (Lane and Deol, 1974; region: expressed sequence tags (ESTs) from 19p13.3
Kapfhamer and Burmeister, 1994). In order to map mh (Schuler et al., 1996), markers from a public mouse map-
more precisely, two crosses were performed with the ping database (Rowe et al., 1994), and any published
more fertile, milder of the two alleles, mh2J. Our first cross gene on mouse 10 or human 19p13.3 were mapped
consisted of 511 animals (1022 meioses) of an F2 be- by hybridization to this physical map. One of the ESTs
tween C3H-mh2J and C57BL/6J. In this cross, mocha was identified in this manner was the d subunit of the adap-
mapped near D10Mit42, giving the order D10Mit175±0.5 6 tor-like complex AP-3 (Ooi et al., 1997; Simpson et al.,
0.2 cM±mh/D10Mit42, as expected, close to grizzled 1997). The 39 end of this gene, mouse locus symbol
(Kapfhamer and Burmeister, 1994), in a region of homol- Ap3d, shows homology to a previously cloned bovine
ogy between mouse chromosome 10 and human chro- gene, the ªbovine leukemia virus receptorº (Bolvr) (Ban
mosome 19p13.3. In a second, more informative cross et al., 1994), which had been mapped to mouse chromo-
with the subspecies Mus musculus castaneus [(C3H/ some 10 near D10Mit7, i.e., close to mocha (Suzuki et
HeJ-mh2J 3 CAST/Ei)F2], 1151 F2 animals (2302 in- al., 1996). BLAST searches showed that Bolvr is highly
formative meioses) were analyzed. The order of mark- homologous to the 39 end of Ap3d, as is also discussed
ers and location of the mh gene were found to be by Simpson et al. (1997). The insert of a purchased
D10Mit175±0.39 6 0.13 cM±D10MIT207±0.56 6 0.16 IMAGE clone corresponding to this gene was amplified
cM±D10Mit226±0.043 6 0.043 cM±D10Mit23/D10Mit21/ by PCR and hybridized to the PFGE blots. The pattern
D10Mit7/mh±0.48 6 0.14 cM±D10Mit140/D10Mit42 (see of hybridizing PFGE fragments placed Ap3d close to
Figure 1A). the marker Amh (data not shown), which maps within
the region defined by D10Mit7/21/23 (Kapfhamer and
Burmeister, 1994) and thus is nonrecombinant with mh.
Identification of AP-3 d as a Candidate Gene Analysis of recombinants close to mh2J using the muta-
for mocha tion detectable on Southern blots confirmed that Ap3d
In addition to the genetic map, a physical map of the genetically cosegregated with mh in our cross (Fig-
ure 1B).region of mouse chromosome 10 between D10Mit175
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Figure 2. mocha Is Caused by a Deletion
within the AP-3 d Gene
(A) Deletion within Ap3d in mh DNA. Genomic
DNA from mutants (mh/mh), heterozygotes
(mh/1) and wild-type C57BL/6J (1/1) ani-
mals was digested with the enzymes NsiI and
EcoRI, separated on 1% agarose, transferred
to a nylon membrane, and hybridized with
a mouse Ap3d probe generated by RT±PCR
using primers P4 and P2. Comparing the
missing or altered DNA fragments in mh/mh
laneswith controls in thisand other hybridiza-
tions suggests a z12 kb deletion within Ap3d
in mocha animals.
(B) Northern blot analysis shows shorter tran-
script of Ap3d in mocha mice. Poly(A)1 RNA
(2 mg) from brain tissue of mocha (mh/mh),
grizzled (gr/gr), heterozygotes (mh/1), and
wild-type control C57BL/6J (1/1) was frac-
tionated on a 1% formaldehyde agarose gel,
transferred to a nylon membrane, and hybrid-
ized with a mouse probe corresponding to
the 39 end of Ap3d (top panel), Ap3s1 (the
gene for AP-3 s3A) (middle panel), and an
unrelated control gene probe (bottom panel).
Sizes correspond to markers run on the same
gel.
(C) RT±PCR shows a deletion in the 59 end of
Ap3d transcript in mocha mice. RT±PCR was
performed using cDNA template from brain
poly(A)1 RNA. PCR was carried out with prim-
ers flanking the deletion (P4 1 P2 and P4 1
P8) and primers 39 to the deletion (M59 and
F39). PCR products were visualized by ethid-
ium bromide after agarose gel electropho-
resis.
(D) Western blots of brain samples from mocha and control mice. Brain cytosol was prepared from either mocha (mh) or control (1) mice
and subjected to SDS±PAGE and Western blotting. Blots were probed with antibodies against the various AP-3 subunits and also with an
antibody against the g subunit of the AP-1 complex as a control. In the mh brain sample, none of the AP-3 bands can be detected; thus, in
the absence of the d subunit, the other three subunits of the complex are presumably unstable and rapidly degraded.
Rearrangement in the AP-3 d Gene in Both performed on mutant and control brain mRNA with prim-
ers based on partial sequences from murine ESTs orAlleles of mocha
Since AP-3 d mapped near mocha, we examined it as sequences conserved between the human AP-3 d se-
quence (Ooi et al., 1997) and Drosphila garnet (Lloyd,a candidate gene. The insert was hybridized to Southern
blots prepared from mh and mh2J genomic DNA and 1995). The location of these primers within the 59 se-
quence of mouse AP-3 d is shown in Figure 3. In contrastcontrol DNAs cleaved with six different restriction en-
zymes. After initially detecting rearrangements in both to normal amplification in the middle and 39 region of
the AP-3 d gene from mh mRNA, when primers from thethe mh and the mh2J alleles with different enzymes (see
Figure 1B for mh2J), DNA from mh and control mice was 59 end of the gene (P4 1 P2 and P4 1 P8) were used,
a z500 bp smaller product was generated in mh mRNAanalyzed with multiple probes with additional enzymes.
Probes from the 59 end of the gene showed that the (Figure 2C), indicating a deletion, consistent with the
Northern blot results.rearrangement in mh was due to a large deletion span-
ning at least 12 kb (Figure 2A). The nature of the mh2J
rearrangement is still under investigation, but it is further
39 in the Ap3d gene than the mh mutation. mocha Is a Null Allele of AP-3 d
Sequence comparison of the aberrant RT±PCR product
of mocha with that of controls indicated an out-of-frameAltered Transcript of AP-3 d in mocha
To determine whether the large deletion in mh affects 496 bp deletion starting shortly after the initiator ATG,
which is predicted to lead to an in-frame stop codonAP-3 d transcription, Northern blot analysis was per-
formed using poly(A)1 RNA from brains of mh/mh, mh/ shortly after the deletion (Figure 3). Both ends of this
deletion within the cDNA are at potential exon±exongr, gr/gr and C57BL/6J control mice (see the Experimen-
tal Procedures for choice of controls). While the level of junctions. Sequence analysis of PCR products from nor-
mal mouse genomic DNA with primers flanking the endtranscript was not severely reduced in mh, the length
of the Ap3d transcript in mh brain was shorter by z500 of the deletion (P7 1 P8; Figure 3) demonstrated that
the deleted region consists of at least two exons, andbp (Figure 2B). In heterozygote animals, both messages
are present, although they could not be unambiguously showed that the 39 boundary of the mh deletion coin-
cides with an exon±intron boundary (see Figure 3). Thus,resolved. To localize the mutation, RT±PCRanalysis was
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intron boundaries, and RT±PCR showed no evidence of
differential splicing (Figure 2C), it is unlikely to be a
differentially spliced product, and since the deletion is
flanked by 7 bp of identical sequence, it is likely the
result of deletion by homologous recombination in
E. coli.
The out-of-frame deletion in mh suggested that no
normal AP-3 d product can be made in mocha mice.
Indeed, when Western blots prepared from mocha and
control brain proteins were probed with an antibody
directed against theN-terminal two-thirds of the protein,
no signal was obtained in mocha (Figure 2D). Similarly,
antibodies raised against the C-terminal third of the pro-
tein also produced no signal (data not shown), indicating
that mocha constitutes a true null allele. In addition,
antibodies to other subunits of the AP-3 complex show
that mocha brain extracts (Figure 2D) as well as extracts
from liver, spleen, and a mocha fibroblast line, have
severely reduced or undetectable levels of all four sub-
units of the AP-3 complex. The mRNA level of one of
these, s3A, is normal (Figure 2B), indicating that s3A,
and presumably the other subunits, are missing due to
protein instability rather than mRNA degradation. It is
well established that some protein complexes destabi-
lize when one subunit is missing, e.g., in Duchenne Mus-
cular Dystrophy (Matsumura and Campbell, 1993), and
that seems to be the case in the mocha mouse. Interest-
ingly, however, in the pearl mouse in which the b3A
subunit is mutated, the m3 subunit is also missing but
d or s is only slightly reduced (Seymour et al., 1997;
Swank and Robinson, personal communication). Thus,
the d subunit appears to be a ªlinchpinº of the complex,
and without it all of the other subunits are presumably
degraded.
Localization of AP-3 d Transcripts in the Central
Nervous System
In situ hybridization of 45-mer antisense probes con-
structed to the 39 untranslated region and to the deleted
59 region of Ap3d to wild-type brain sections revealedFigure 3. Sequence Analysis of the 59 End of AP-3 d Transcripts
widespread distribution of the transcript over neuronalRT±PCR fragments from wild typeand mh mutants were sequenced.
The sequence analysis revealed a 496 bp deletion at the 59 end of but not white matter regions of the forebrain, brainstem,
Ap3d, which spans from 407±903 bp of the human AP-3 d cDNA and cerebellum. Signal density of mRNAs was most
(GenBank accession number AF002163) (Ooi et al., 1997). Mouse prominent in the hippocampal pyramidal and dentate
and human nucleotide sequences are 89% identical in this region.
gyrus granule cell layers (Figures 4Aand 4C).The patternArrows indicate primers used in this study, with the last primer
of Ap3d expression with the 39 antisense oligo in the mhP2 extending beyond the sequenced region. Vertical bars indicate
brain showed uniform distribution in all correspondingexon±intron boundaries found by sequencing the corresponding
genomic mouse DNA; a dashed vertical bar indicates a postulated areas (Figure 4B), with a slight diminution of signal most
exon±intron boundary based on consensus sequence and Southern visible in the hippocampal cell body layers. No specific
blot data. hybridization was obtained using the antisense oligo
probe for the deleted 59 region (Figure 4D), similar to
the 12 kb mh deletion eliminates at least two exons and the sense control probes (data not shown). The localiza-
ends within an intron. tion of the AP-3 d subunit in mouse brain corresponds
The cDNA sequence was compared to two published to the expression of bNAP (b3B), the neuronal-specific
human AP-3 sequences differing in the 59 end (Ooi et form of AP-3 b subunit (Newman et al., 1995).
al., 1997; Simpson et al., 1997). The normal mouse tran-
script in the analyzed region was collinear and 89%
identical at the nucleotide and 98% identical at the AP-3 Mediates Sequestration of Zinc
in Neurotransmitter Vesiclesamino acid level with human Ap3d reported by Ooi et
al. (1997). The sequence reported by Simpson et al. To investigate whether neurotransmitter vesicles might
constitute a target of AP-3±mediated cargo transport,(1997), based on an IMAGE clone with GenBank acces-
sion number T30164, is 267 bp shorter. Since the dele- a population of excitatory synapses defined by the histo-
chemical localization of vesicular zinc was evaluatedtion in that sequence is not at the position of the exon±
AP-3 Mutation in mocha Mouse
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Figure 4. Expression Pattern of Ap3d inAdult
Wild-Type and mh/mh Brain
In situ hybridization of 39 UT directed anti-
sense oligomer probe demonstrates diffuse
localization of Ap3d transcripts in forebrain
of wild-type (A) and mh/mh (B) gray matter
regions, with highest levels of mRNAs in the
granule cell layer of the dentate gyrus and
hippocampal pyramidal cell layer. Distribu-
tion of the 59 antisense probe to the deleted
region of Ap3d shows diffuse expression pat-
tern in wild-type brain (C) corresponding to
that in (A) but reveals an absence of specific
signal in mh/mh brain sections (D) similar to
control sections hybridizedusing sense 39 UT
and 59 probes (data not shown).
using the Timm method. Light microscopic analysis re- cells of the hippocampal formation where AP-3 is heavily
expressed, loss of Timm stain from zinc-containingvealed a profound loss of Timm staining for vesicular
zinc in the mh central nervous system, most notable in transmitter vesicles in granule cell axons (mossy fibers)
was equally striking, due to the compact aggregationthe neocortical and hippocampal regions (Figure 5). In
neocortex, the two dense bands of Timm stain normally of the mossy fiber bundle innervating pyramidal cells
within this structure (Figures 5C and 5D). There waspresent in axon terminals within layers 2±3 and layer 5
are absent in the mutant (Figures 5A and 5B). In granule a gradient of Timm stain loss along the hippocampal
Figure 5. Reduction of Vesicular Zinc in mo-
cha Neocortex and Hippocampal Formation
In frontal neocortex, the laminar staining pat-
tern visible using the Timm stain for histore-
active zinc in outer layers 2±3, and deep lay-
ers 5±6 of wild-type cortex (A), is reduced to
barely detectable levels in mh/mh brain (B).
Horizontal sections of temporal hippocam-
pus in adult wild type (C) and mh/mh (D) re-
veal apparent absence of mossy fiber path-
ways as visualized by Timm stain in the
mocha mutant. The dark precipitate is pres-
ent in regions that correspond to the mossy
fiber pathway. Direct visualization of vesicu-
lar zinc in horizontal sections exposed to the
zinc-specific fluorescent chelator TSQ dem-
onstrate presence of zinc-rich vesicles in the
wild-type (E) but not the mocha (F) mossy
fiber pathway, confirming loss of vesicular
zinc. Tracing the trajectory of the mossy fiber
axonal bundle in the mocha mutant using the
lipophilic fluorescent dye DiI demonstrates
structural integrity of the ªTimm-lessº path-
way (G). In (H), single mossy fibers in mocha
hippocampus are visible at higher magnifica-
tion. Magnification, 363 (A±D); 453 (E±G);
115x (H).
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septotemporal axis; in temporal hippocampus, there due to absence of vesicles within the mossy fiber tract,
and that AP-3±mediated zinc accumulation is not essen-was an essentially complete absence of staining within
the mossy fiber bundle, while residual staining remained tial to neurotransmitter vesicle formation.
in more septal regions. Other mutant brain regions, in-
cluding the amygdaloid complex and the cerebellar cor-
Discussiontex, also showed loss of Timm stain (data not shown).
Since silver precipitation during the Timm reaction is
The AP-3 Complex Is Responsible for Cargosensitive to the presence of other heavy metals, the
Selection to Endosome-Derived Organellessignificance of absent Timm stain was verified using
Using genetic mapping and candidate gene testing, wethe zinc-selective chelator TSQ, an alternate method for
have established that lack of the trans-Golgi networkvisualizing vesicular zinc (Frederickson et al., 1988). This
adaptor-like complex AP-3 is the cause of the pleiotro-direct fluorescence method demonstrated a specific
pic hematologic, pigmentary, and neurological pheno-pattern of zinc loss in mocha hippocampus identical to
types in the mouse mutant mocha. These phenotypesthat observed with Timm stain (Figures 5E and 5F).
all arise from defective sequestration of the contents of
organelles on the endosomal±lysosomal pathway, in-
Loss of Vesicular Zinc Is Due to Lack of ZnT-3 cluding lysosomes, platelets, and melanosomes as well
in mocha Neurotransmitter Vesicles as neurotransmitter vesicles, and can now be explained
Since vesicular zinc is missing in the mocha hippocam- by missorting of the various cargo proteins that are
pus, the transporters, binding proteins, or cofactors that normally delivered to these cytoplasmic compartments
permit zinc accumulation are the most likely candidates by the AP-3 pathway.
for AP-3 cargo. A family of zinc transport proteins (ZnT-1 The AP-3 complex was first identified by homology
to ZnT-4) consisting of six transmembrane domains with to the AP-1 and AP-2 complexes, which facilitate cargo
a histidine-rich cytoplasmic loop has recently been iden- selection and budding of clathrin-coated vesicles. Like
tified (Palmiter and Findley, 1995; Palmiter et al., 1996a, AP-1, the AP-3 complex is at least partially associated
1996b; Huang and Gitschier, 1997). ZnT-2 is localized with the trans-Golgi network and has been localized to
in endosomal/lysosomal membranes, while ZnT-3 is ex- budding vesicles (Simpson et al., 1997). The destination
pressed only in brain, where it is associated with synap- of these vesicles, their cargo, and their function have
tic vesicles, suggesting an involvement in zinc seques- remained unknown. mocha is the first mammalian muta-
tration in these vesicles (Wenzel et al., 1997). Both the tion in which this complex is completely missing, and
mouse and human ZnT-3 contain a conserved LL and our results therefore establish that these organelles are
YSRF sequence near the C termini, which represent the destination of AP-3±sorted vesicles.
potential sorting signals for AP-3 (Jackson et al., 1992; The mocha hypopigmentation phenotype is similar to
Ohno et al., 1996; HoÈ ning et al., 1998). We evaluated the Drosophila garnet phenotype, which is also mutated
whether ZnT-3 is properly localized in mh brain using in the AP-3 d subunit (Lloyd, 1995; Ooi et al., 1997;
an affinity-purified polyclonal antibody to ZnT-3. Immu- Simpson et al., 1997). In flies with three different mutant
noreactivity for ZnT-3 was essentially absent in the mh alleles of garnet, red and brown pigments are reduced
hippocampal mossy fiber pathway (Figures 6A and 6B) in the eye, although the pigment granules are still pres-
and greatly reduced in the neocortex. Abnormal stain- ent (Ooi et al., 1997; Simpson et al., 1997). Our results
ing, particularly in some large pyramidal neuronal cell are also consistent with recently published studies on
bodies in deep layers of the neocortex, was observed, yeast, indicating that the function of AP-3 is evolution-
which might represent perinuclear accumulation (Fig- arily conserved. Mutations in every subunit of the yeast
ures 6C and 6D). AP-3 complex resulted in healthy colonies, which were,
however, unable to deliver alkaline phosphatase (ALP)
and the vacuolar t-SNARE Vam3p to the vacuole inAP-3 Gene Deletion Does Not Significantly Alter
Biogenesis of Target Neurotransmitter which they usually reside (Cowles et al., 1997; Stepp et
al., 1997). In addition, ALP accumulated in nonvacuolarVesicle Population
Loss of Timm staining, TSQ fluorescence, and ZnT-3 in membranous compartments. Whether the latter is also
true in mammals remains to be investigated.hippocampus could indicate cellular pathology within
dentate granule cell axons, including aberrant axono- Which are the cargo molecules sorted in mammals
by the AP-3±dependent pathway? These are likely to begenesis or abnormal development of the neurotransmit-
ter vesicles themselves, rather than a specific failure of proteins normally resident in organelles such as lyso-
somes, melanosomes, and platelet dense granules. Inzinc accumulation in the vesicle population. We deter-
mined that the structural integrity of the mossy fiber addition, such proteins are likely to have cytoplasmic
sorting signals similar to the tyrosine and dileucine-con-pathway was unaffected in mh mutants, since axonal
tracing with DiI revealed no abnormalities in the density taining motifs that act as internalization signals at the
plasma membrane by binding to AP-2 adaptors and thator trajectory of the mutant mossy fiber bundle (Figures
5G and 5H). Ultrastructural examination of both the are also thought to govern intracellular trafficking by
interacting with other AP complexes (Marks et al., 1997).mossy fiber axons and their parent granule cell somata
revealed that the clear core vesicles in mutant axons The best characterized of these signals are those con-
taining the consensus sequence YXXé, where X is anywere normal in both morphology and abundance com-
pared with the wild type (Figure 7), demonstrating that amino acid and é is an amino acid with a bulky hy-
drophobic side chain. Such signals have been shownthe loss of Timm staining and zinc fluorescence was not
AP-3 Mutation in mocha Mouse
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Figure 6. Loss of Immunoreactivity for Zinc
Transporter ZnT-3 in mocha Brain
(A±B) Immunocytochemistry of wild-type (A)
and mh/mh (B) hippocampal sections using
polyclonal ZnT-3 antibody (provided by R.
Palmiter) reveals lack of specific staining for
ZnT-3 protein in the mutant hippocampal cir-
cuits. Note loss of staining of axons in the
hilus (H) and mossy fiber (MF) bundle. Arrows
indicate trajectory of the mossy fiber bundle
in the suprapyramidal layer. (C±D) In the deep
layers of wild-type neocortex, immunoreac-
tivity for ZnT-3 antibody is present within ter-
minals, producing a homogeneous staining
pattern (C). In mh/mh neocortex, the pattern
is replaced by a loss of diffuse background
staining in the neuropil and prominent cyto-
plasmic staining of large cell bodies (D). Cali-
bration bar, 300 mm (A and B); 30 mm (C
and D).
to bind to the m subunit of AP-3. In addition, different Interestingly, there are three well-characterized melano-
some resident proteins, tyrosinase, TRP-1, and TRP-2,m subunits preferentially recognize different YXXé se-
quences (Ohno et al., 1996), suggesting that eventually which all contain YXXé and dileucine motifs (Jackson
et al., 1992). Of these, tyrosinase has recently beenit may be possible to predict which proteins are most
likely to require the AP-3 sorting pathway. However, shown to bind to AP-3 in vitro (HoÈ ning et al., 1998). The
loss of tyrosinase can explain the eye and coat colornot all proteins sorted by the AP-3 pathway have such
signals, since the cytoplasmic domain of yeast ALP con- dilution phenotype of mocha. Throughout the brain, but
particularly in regions where zinc-rich neurotransmittertains no tyrosine residues, although it does have a po-
tential dileucine-type signal, L followed by L, V, or I. vesicles are concentrated, we find severely reduced
Figure 7. Granule Cell Morphology and Axon Vesicle Population in mocha Mossy Fiber Pathway Are Unaltered in the Absence of AP-3, ZnT-3,
and Vesicular Zinc
Electron micrographs of dentate granule cells demonstrate normal ultrastructural appearance of parent granule cell somata (GC) in wild-type
(A) and mutant (B) hippocampal formation. Comparison of mossy fiber terminals (MFT) filled with neurotransmitter vesicles in wild-type mice
(C) shows that the presynaptic vesicle population is apparently unaltered in size or abundance in the AP-3 d±deficient mocha mutant (D).
Arrows indicate synaptic contacts onto dendritic spines. Calibration bar, 2 mm (A and B); 500 nm (C and D).
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staining for ZnT-3, which has both tyrosine- and dileu- al. (1998) find that the nonneuronal form of AP-3 cannot
substitute for the neuronal form of AP-3. Alternatively,cine-based sequences. Its absence is the likely cause
of the zinc deficiency in these vesicles in mh brain. The there may be a still unknown late endosomal intermedi-
ate from which certain synaptic vesicles are formed.fate of ZnT-3 in the absence of AP-3 still needs to be
established, but one possibility is that it may be mis- These questions can now be addressed in future studies
with the availability of an AP-3±deficient mouse.routed to other organelles and then degraded.
Salvage Pathways
Absence of Vesicular Zinc and the mocha Although mocha mice completely lack AP-3, their mela-
Neurological Phenotype nosomes are not completely empty and the coat color
Zinc is highly concentrated in round, clear vesicles in a is dilute but not albino. Similarly, the Timm and ZnT-3
subset of CNS glutamatergic synaptic boutons (Perez- staining are much reduced but not completely absent.
Clausell and Danscher, 1985) and is coreleased with Thus, while cargo sorting is severely affected, some
glutamate (Frederickson et al., 1988; Budde et al., 1997). redundancy exists in the system. Such redundancy is
Zinc has been shown to exert differential modulatory also found in yeast, where mutants lacking AP-3 show
effects on currents mediated by NMDA and GABA re- some ALP present in the vacuole (Cowles et al., 1997;
ceptor±gated ion channels, and mayplay a physiological Stepp et al., 1997). There are at least two pathways to
role regulating rhythmic firing, synaptic plasticity and the vacuole in yeast, the AP-3±dependent pathway and
vulnerability to cellular neurotoxicity (Westbrook and the classical Vps (vacuolar protein sorting) pathway.
Mayer, 1987; Peters et al., 1987; Xie and Smart, 1991). Stepp et al. (1997) demonstrated that the fraction of ALP
mocha mutants show a distinct cortical excitability phe- that was correctly sorted in AP-3 mutants is diverted
notype characterized by a persistent, high voltage hy- into the Vps pathway. Similarly, in mammalian cells,
persynchronization of EEG rhythms in the theta (4±6 proteins that normally take the AP-3 pathway may be
Hz) frequency range, and the mh2J allele shows brief able to make use of AP-1 and/or AP-2 to reach their
epileptiform discharges (Noebels and Sidman, 1989). correct destination. Indeed, when Hoflack and cowork-
The mechanisms underlying the striking hypersynchro- ers (personal communication) added antisense oligonu-
nous cortical EEG phenotype and seizures in mocha cleotides to the m3A subunit of AP-3 to cells, they found
alleles are not known, and it is unclear whether they are that although steady-state levels of lysosomal mem-
due to the absence of zinc release or other alterations brane proteins were unchanged, the analyzed proteins
in synaptic excitability due to the absence of other po- showed increased trafficking via the plasma membrane,
tential AP-3 cargos in the CNS. presumably making use of AP-2 and clathrin to be rein-
Lack of zinc transport may also be involved in the ternalized and eventually delivered to the lysosome.
inner ear (otolith) defect inmocha and several other SPD
mutants, since dietary supplementation of pregnant
The mocha and pearl Mouse Mutants Differdams with Zn and/or Mn eliminates this phenotype (Rolf-
in the Neuron-Specific Form of AP-3sen and Erway, 1984). A defect in heavy metal binding
and in the Neurological Deficitsby melanin has been postulated to be involved in the
While our work was in progress, Seymour et al. (1997)inner ear defect of mocha (Swank et al., 1991), but since
found mutations in the b3A subunit of AP-3 in the mousezinc-rich fibers are also present in the cochlear nucleus
mutant pearl. Mutations in different subunits of the sameand elsewhere in the auditory pathway (Frederickson et
complex are expected to result in similar phenotypes,al., 1992), alterations in signaling within these central
and pearl resembles mocha in most respects. However,circuits may contribute to auditory deficits in mocha
pearl, in contrast to mocha, does not show neurologicalhomozygotes.
deficits such as hyperactivity, EEG abnormalities, sei-Faundez et al. (1998) have recently demonstrated that
zures (Noebels and Sidman, 1989), or deafness (SwankAP-3 is required for synaptic vesicle budding in an in
et al., 1991). An explanation for this disparity is the pres-vitro system. However, since mocha mice lack AP-3 and
ence of two highly homologous AP-3 b subunits. The(1) show apparently normal vesicle populations in mossy
b3A subunit, which is mutated in pearl, is expressed infiber nerve terminals where a cargo defect is evident
nonneuronal tissues, while the b3B subunit (also knownand (2) are viable, albeit with neurological symptoms,
as bNAP), encoded by a different gene, is predominantlyour results demonstrate that AP-3 is not essential for
expressed in brain (Newman et al., 1995; Simpson etall synaptic vesicle formation. Instead, other molecules
al., 1997). Thus, b3B (Ap3b2) might replace the functionmight substitute for AP-3 function in vivoduring synaptic
of b3A in neuronal tissues, and indeed, AP-3 levels arevesicle budding; alternatively, those vesicles requiring
normal in pearl brain (Seymour et al., 1997; Swank andAP-3 may represent a minor fraction of all synaptic vesi-
Robinson, personal communication). However, sincecles, and their absence was not detected in the terminals
there appears to be no alternative subunit for the AP-3examined. It is worth noting that unlike the other organ-
d subunit mutated in mocha, mocha is a true null allele ofelles that are affected in mocha mice, which are derived
the AP-3 complex in neuronal and nonneuronal tissues.from late endosomes and/or lysosomes, synaptic vesi-
cles are generallybelieved tobe derived from theplasma
membrane and/or early endosomes (De Camilli and Ta- Genes for AP-3 Subunits Are Candidates
for Hermansky-Pudlak Syndromekei, 1996). The distinct origins of these organelles may
point to differences in function between the neuronal Symptoms similar to mocha are found in a variety of
mouse mutants and in HPS. The function of the one geneand the nonneuronal form of AP-3, as indeed Faundez et
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PolyA-Tract (Promega, Madison, WI). Poly(A)1 RNA (2 mg) was frac-known to be mutated in HPS patients, HPS, remains
tionated on a 1% formaldehyde agarose gel and transferred to Hy-unknown (Oh et al., 1996; Feng et al., 1997; Gardner et
bondTM-N1 (Amersham). Hybridization was carried out for 1 hr usingal., 1997), but it is possible that its protein product might
Express Hyb hybridization solution (Clontech, Palo Alto, CA) at 688C.
interact with AP-3. Studies searching for such an inter- Blots were washed four times with 23 SSC containing 0.05% SDS
action, and subcellular localization of the HPS product, at room temperature for 10 min each, followed by two washes with
0.13 SSC containing 0.1% SDS at 508C for 20 min each. The RNAmay thus shed light on the pathology of HPS. While
ladder (363±9488 bp) was from USB (Cleveland, OH). For AP-3 d,most Puerto Rican HPS patients have mutations in HPS,
the insert of IMAGE clone #405026 was used, and for AP-3 sA,the majority of other HPS patients do not (Oh et al., 1998;
IMAGE clone #455602 was used; both were purchased from Re-Shotelersuk et al., 1998). These individuals, in particular
search Genetics. An RT±PCR product of an unrelated gene, Gng7
those with neurological symptoms, are now appropriate (Watson et al. 1994), was used as the positive control.
candidates to be evaluated for mutations in the genes
coding for the various subunits of AP-3. RT±PCR
Poly(A)1 RNA (1 mg) from brain was used to synthesize first strand
cDNA using Superscript according to the manufacturer's protocolExperimental Procedures
(Gibco BRL). PCR was performed (see text or legend for primer
combinations) with the following primers, synthesized at the Univer-Genetic Cross
sity of Michigan Oligonucleotide Core facility: sense P4, 59-ATGGCCAll stocks were obtained from The Jackson Laboratory (Bar Harbor,
TCAAGATGGTCAAG-39; antisense P2, 59-CAGTCCCACAAGGACCTME). Animal experiments were reviewed and approved by the local
CAT-39 (these primers correspond to 311±330 bases and 1325±1345UCUCA/ULAM committees. The mh allele arose on a C57BL/6J
bases of human AP-3 d cDNA [see Figure 3 for position in mouse];stock (Lane and Deol, 1974) but was bred to a variety of strains
the sequence of a mouse EST, AA221402, has a frameshift withinbefore it was kept as a forced heterozygous stock opposite to an-
the sequence, which is reflected in primer P4); sense P7, 59-CCTGTTother coat color mutation, grizzled (gr) (The Jackson Laboratory).
TTGTCACCCCAGAT-39; antisense P8, 59-TAATGTCATCTGCGAGCThe stock on which both mh and gr are maintained is thus inbred
TGG-39 (both based on mouse sequence); middle 59 sense, ATGTGbut contains parts from numerous strains. Thus, C57BL/6J is a more
CAGAACGTGGTCAAG (based on human sequence); and far 39 anti-appropriate control than unaffected littermates in the genomic re-
sense, TTGCTGGAGTCAGGAGACCT (based on mouse IMAGEgion close to mocha, but heterozygous (mh1/1gr) and gr/gr animals
clone #405026).are the best control for other purposes.
First strand cDNA (1 ml) was used as template in 50 ml PCRs underTwo different F2 crosses were carried out: 511 mice of (C3H/HeJ-
the following conditions: 948C denaturation for 1 min, 558C annealingmh2J 3 C57BL/6J)F2, and 1151 animals of (C3H/HeJ-mh2J 3 CAST/
for 2 min, and 728C extension for 2 min in 13 TNK 50 buffer (10 mMEi)F2. Tail biopsies were used to prepare DNA from these crosses
Tris±HCl [pH 9.2], 5 mM NH4Cl, 1.5 mM MgCl2, 0.01% gelatin, andfor genotyping, and markers were scored by PCR to detect recombi-
14.7 mM 2-mercapto ethanol) containing 0.25 mM dNTPs and 1.0 Unation events between D10Mit175 and D10Mit42 and D10Mit140,
of Taq polymerase. RT±PCR products were analyzed on 1% agaroserespectively. Unaffected recombinant animals were genotyped at
and visualized by ethidium bromide staining. RT±PCR fragmentsthe mh locus by test breeding.
were gel purified using 0.45 mm Ultrafree MC and 30,000 NMWL
filters (Millipore, Bedford, MA) and directly sequenced at the Univer-Marker Analysis
sity of Michigan Sequencing Core facility.DNA was prepared from tail biopsies (z0.3 cm) using salting out
(Miller et al., 1988). PCR reactions for simple sequence length poly-
morphism (SSLP) analysis and RFLP analysis of recombinants were Western Blot Analysis of Proteins
as previously described (Kapfhamer and Burmeister, 1994). All Western blots were carried out on samples of brain from mh and
SSLPs were scored using published primers (Dietrich et al., 1994) control (C57BL/6J) mice, as previously described (Robinson and
obtained from Research Genetics (Huntsville, AL). PCR was per- Pearse, 1986; Seaman et al., 1996). Briefly, 0.1 g pieces of brain
formed with temperature cycling as described (Dietrich et al., 1994) were homogenized in 0.5 ml PBS containing a protease inhibitor
in a buffer containing 10 mM Tris (pH 9.2), 5 mM NH4Cl, 1 mM cocktail (Boehringer Mannheim) prepared according to the manu-
(D10Mit42) or 1.5 mM (all others) MgCl2, 50 mM KCl, 0.01% gelatin, facturer's instructions. The samples were centrifuged at 50,000 rpm
and 5.25 mM 2-mercaptoethanol. Products were either radioactively for 15 min in a Beckman TL ultracentrifuge using a TL100.3 rotor,
labeled by treatment of one primer with T4 kinase and separated and the supernatants were collected, boiled with an equal volume
on denaturing polyacrylamide gels (for D10Mit175 in the C3H 3 of 23 sample buffer, and subjected to SDS±PAGE and Western
C57BL/6J cross), separated on 2% metaphor agarose (FMC, Rock- blotting. The blots were probed with antibodies against the AP-3 d,
land, ME) gels in 13 TBE (for D10Mit42) or on 3% agarose in TAE b3A, m3, and s3 subunits (Simpson et al., 1996, 1997) and with an
buffer (all other SSLP markers) and visualized by ethidium bromide antibody against the g subunit of the AP-1 complex (Seaman et al.,
staining. Since all markers are within z5 cM, genetic distance was 1996), followed by 125I coupled to protein A (Amersham). Whole brain
calculated as equal to the recombination fraction, without correc- homogenate samples, and samples of homogenates from liver,
tions for two or double recombination events. Marker order was spleen, and cultured fibroblasts, were also subjected to SDS±PAGE
determined by minimizing double crossover events. and Western blotting, and essentially identical results were ob-
tained.
Southern Analysis
Genomic DNA from spleen was prepared using a salting out proce- In Situ Hybridization
dure (Miller et al., 1988) or purchased from The Jackson Laboratory Oligonucleotide probes of 39 sense (CAGTGCTGAGTTGCAGTCCAG
(Bar Harbor, ME). DNA samples were digested with restriction en- GATGTGCAACAGACCACAGAAAG A) and antisense (TCTTTCTGTG
zymes (New England Biolabs and Gibco BRL), fractionated on a 1% GTCTGTTGCACATCCTGGACTGCAACTCAGCACTG) and 59 (de-
agarose gel, and blotted onto HybondTM-N1 (Amersham). Hybrid- leted in mocha) sense (CTGGAGTGGCACTGACTGGTCTGTCCTGT
ization was carried out at 658C for 24±48 hr. The blots were then TTTGTCACCCCAGATC) and antisense (GATCTGGGGTGACAAAAC
washed at 658C for 20 min three times with 0.23 SSC containing AGGACAGACCAGTCAGTGCCACTCCAG) were end labeled using
0.2% SDS. The 1 kb ladder (GibcoBRL, Gaithersburg, MD) was used terminal transferase (Promega) with [35S]dATP. Brains of mocha
as the size marker. (mh1/mh1, n 5 2), mh1/1gr, and grizzled (1gr/1gr) mice from the
breeding colony of Baylor College of Medicine were excised after
decapitation and frozen on dry ice. Coronal sections (14 mm) wereNorthern Analysis
Total RNA was isolated using Trizol reagent, following manufactur- cut on a cryostat and stored at 2708C. Sections from both the
mutant and control brains were mounted on the same slide ander's protocols (GibcoBRL). Poly(A)1 RNA was separated using
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processed identically for optimal comparison. The mounted sec- solution for 1 hr. Thick sections (100 mm) were cut on a vibratome,
rinsed, and immersed in 1% OsO4 in 0.1 M PB for 1 hr beforetions were fixed with 4% paraformaldehyde in PBS for 30 min. After
dehydration, the tissue sections were incubated overnight on a slide embedding in epon. Ultrathin sections were cut from polymerized
blocks, counterstained with 2% uranyl acetate and lead citrate,warmer at 448C with the probe solution containing 5000 cpm/ml 35S-
labeled probe, 50% formamide, 43 SSC, 53 Denhardt, 1% SDS, mounted on grids, and examined with a JEOL JEM-1200 EX II elec-
tron microscope.10% Dextran sulphate, 0.1 M DTT, 25 mg/ml poly A, 25 mg/ml poly
C, and 250 mg/ml tRNA. The sections were then washed through Adjacent slices of fixed brain 500 mm thick were used for DiI
staining. A crystal of DiI was placed in the hilar region and alloweddescending concentration of SSC (150 mM NaCl and 15 mM NaAc)
from 43 at 258C to 0.23 at 558C for 30 min. The slides were dehy- to diffuse for up to 2 weeks. Slices were cryoprotected, resectioned
at 20 mm, and then mounted with glycerol. Sections were vieweddrated in ethanol, dried, and exposed to x-ray film (Kodak X-OMAT)
for 1±2 weeks. Negative controls were also prepared by pretreat- with a rhodamine filter set and photographed with Kodak 400ASA
color film.ment of adjacent sections with 20 mg/ml RNase A in 0.5 M NaCl,
0.01 M Tris±HCl, and 0.001 M EDTA (pH 8) for 30 min at 378C before
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